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of attention over exploitation of the current focus of atten-
tion, allowing rapid behavioral adaptation and resulting in 
decreased absorption scores. Furthermore, our findings cor-
roborate the hypothesis that the vagus nerve and noradren-
ergic system are causally involved in flow.
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Introduction
The subjective experience of flow has been defined as a 
pleasant psychological state that people experience when 
completely absorbed in an activity (Csikszentmihalyi 1975). 
Flow has been described as a rise of concentration and atten-
tion, and enhanced sense of control without keeping track 
of time (Csikszentmihalyi 1975, 1991). Only recently have 
the first studies investigating the physiology of flow been 
published (de Manzano et al. 2010; Keller et al. 2011; for 
an overview see; Peifer 2012; Peifer et al. 2014, 2015), and 
they suggest flow experience to be associated with moderate 
activation of the sympathetic nervous system and hypothal-
amus–pituitary–adrenal axis. Further, studies have shown 
the involvement of parasympathetic activation (i.e., vagal 
tone) in modulating flow (Peifer et al. 2014; Tozman et al. 
2015), thus pointing to a crucial role of the vagus nerve. 
Unfortunately, the nature of the studies mentioned above 
is correlative and, so far, it has not yet been demonstrated 
that the vagus nerve plays a causal role in flow. The vagus 
nerve is the tenth cranial nerve and represents a key com-
ponent of the parasympathetic nervous system. Notably, the 
vagus nerve is the longest cranial nerve and has the largest 
Abstract Flow has been defined as a pleasant psychologi-
cal state that people experience when completely absorbed 
in an activity. Previous correlative evidence showed that the 
vagal tone (as indexed by heart rate variability) is a reliable 
marker of flow. So far, it has not yet been demonstrated that 
the vagus nerve plays a causal role in flow. To explore this 
we used transcutaneous vagus nerve stimulation (tVNS), a 
novel non-invasive brain stimulation technique that increases 
activation of the locus coeruleus (LC) and norepinephrine 
release. A sham/placebo-controlled, randomized cross-over 
within-subject design was employed to infer a causal relation 
between the stimulated vagus nerve and flow as measured 
using the Flow Short-Scale in 32 healthy young volunteers. 
In both sessions, while being stimulated, participants had 
to rate their flow experience after having performed a task 
for 30 min. Active tVNS, compared to sham stimulation, 
decreased flow (as indexed by absorption scores). The 
results can be explained by the network reset theory, which 
assumes that high-phasic LC activity promotes a global reset 
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distribution in the body. It includes somatic and visceral 
afferent fibers, as well as general and special visceral effer-
ent fibers.
Given the correlational nature of previous studies, the 
aim of the current study is to examine the causal involve-
ment of the vagus nerve in the subjective experience of 
flow. To do that, we used transcutaneous (through the skin) 
vagus nerve stimulation (tVNS), a novel non-invasive 
brain stimulation technique proposed for the first time by 
Ventureyra (2000). In contrast to correlational techniques, 
with tVNS we are able to infer a causal relation between 
the stimulated vagus nerve and flow as indexed by the 
Flow Short-Scale (Engeser and Rheinberg 2008).
tVNS activates the auricular branch of the vagus nerve 
(ABVN), which innervates the skin of the concha in the 
human ear (Peuker and Filler 2002) and allows for reliable 
transcutaneous electrical stimulation of the nerve fibers 
in this area. In an influential study, Fallgatter et al. (2003) 
stimulated the tragus and showed that active tVNS, com-
pared to sham, produced a clear and reliable vagus sen-
sory evoked potential in healthy participants. Further, two 
functional magnetic resonance imaging (MRI) studies in 
healthy humans have found that tVNS increased activation 
in the brainstem region including the locus coeruleus (LC) 
and nucleus of the solitary tract, indicating that tVNS is 
able to effectively stimulate vagal afferents to the brain-
stem (Dietrich et al. 2008; Frangos et al. 2015). In rats, it 
has been shown that VNS leads to an intensity-depend-
ent increase in brain norepinephrine (NE) in response 
to stimulation of the left vagus nerve (Raedt et al. 2011; 
Roosevelt et al. 2006). These increases in NE are transient 
and return to baseline levels when the stimulation is ter-
minated and the vagus nerve is no longer being activated 
(Roosevelt et al. 2006). The fact that active tVNS increases 
the activation of LC and NE release has important implica-
tions for the investigation of the biological underpinning 
of flow.
As described, flow experience is characterized by high 
concentration and attention to the task at hand (Csikszentmi-
halyi 1975). The network reset theory proposes that phasic 
LC activity promotes a global reset of attention over exploi-
tation of the current focus of attention allowing rapid behav-
ioral adaptation (Bouret and Sara 2005). If this is the case, 
phasic increase in LC activity should decrease focused atten-
tion resulting in decreased subjective experience of flow.
In sum, the goal of the current study was to test if the 
vagus nerve is causally involved in the experience of flow 
via its role in activating the LC and increasing NE release. 
Therefore, while being stimulated, participants had to rate 
their flow experience after having performed a behavioral 
task. Following the network reset theory (Bouret and Sara 
2005), the increase of LC activity is expected to reduce 
focused attention resulting in decreased flow.
Experimental procedures
Participants
Thirty-two Leiden University undergraduate students (22 
females, 10 males, mean age = 21.34 years, range 18–28) 
took part in the study. Participants were enrolled via an 
online recruiting system and were given either course cred-
its or a financial reward of 10 euros for participating in a 
study on the effects of brain stimulation on decision-making. 
Once recruited, all participants were screened individually 
by the same lab-assistant using the Mini International Neu-
ropsychiatric Interview (M.I.N.I.; Sheehan et al. 1998). The 
M.I.N.I. is a short, structured interview of about 15 min that 
screens for several psychiatric disorders and drug use, and 
it is often used in clinical and pharmacological research 
(Colzato et al. 2012, 2013). Following previous published 
protocols (Colzato et al. 2017; Sellaro et al. 2015; Steenber-
gen et al. 2015; Beste et al. 2016) participants took part in 
the experiment only if they met the following criteria: (1) 
age between 18 and 30 years; (2) no history of neurological 
or psychiatric disorders; (3) no history of substance abuse 
or dependence; (4) no history of brain surgery, tumors, or 
intracranial metal implantation; (5) no chronic or acute med-
ications; (6) no pregnancy; (7) no susceptibility to seizures 
or migraine; (8) no pacemaker or other implanted devices. 
All participants never experienced tVNS before this study. 
Before the beginning of the testing session, they were given 
a verbal and written description of the procedure and of the 
usual adverse effects (i.e., itching and tingling skin sensa-
tion, skin-reddening, and headache). Participants received no 
information about the different types of stimulation (active 
vs. sham) or about the assumptions regarding the study. The 
experiment conformed to the ethical standards of the Decla-
ration of Helsinki and the protocol was approved by the local 
ethical committee (Leiden University, Institute for Psycho-
logical Research). Written informed consent was obtained 
from all participants.
Apparatus and procedure
A single-blind, sham/placebo-controlled, randomized cross-
over within-subject design with counterbalanced order of 
conditions was used to assess the effect of online (i.e., stimu-
lation overlapping with the critical task) tVNS on flow per-
formance in healthy young volunteers.
All participants took part in two sessions (active vs. 
sham), separated by 1 week, and were tested individually. 
Twenty minutes after the onset of stimulation, partici-
pants performed for 30 min an emotion recognition task 
that requires participants to assess someone’s emotions 
based on images of whole faces and bodies. Participants 
were asked to choose which of four emotions (i.e., happy, 
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fear, anger, and sad) better described what the person in 
the image was feeling. The four emotional labels were 
displayed at the four corners of an imagined square sur-
rounding the target picture, and participants had to click 
with the computer mouse on the chosen emotion. Because 
of technical failure, the data of the emotion recognition 
task have not been further analyzed or published else-
where. After task completion, participants had to rate 
their flow experience on the Flow Short-Scale (Engeser 
and Rheinberg 2008). Afterwards, the stimulation was 
terminated and participants were asked to complete a 
tVNS adverse effects questionnaire requiring them to rate, 
on a five-point (1–5) scale, how much they experienced 
(1) headache, (2) neck pain, (3) nausea, (4) muscle con-
traction in face and/or neck, (5) stinging sensation under 
the electrodes, (6) burning sensation under the electrodes, 
(7) uncomfortable (generic) feelings, and (8) other sen-
sations and/or adverse effects. None of the participants 
reported major complaints or discomfort during or after 
tVNS. They were explicitly asked if they could guess the 
stimulation received and no one reported to be aware of it.
Transcutaneous vagus nerve stimulation (tVNS)
We employed the  NEMOS® tVNS neurostimulating 
device. This device is composed by a stimulation unit 
and a dedicated ear electrode, which can be worn like 
an earphone. Following previous published protocols for 
optimal stimulation (Colzato et al. 2017; Sellaro et al. 
2015; Steenbergen et al. 2015; Beste et al. 2016), the 
 tVNS® device was programmed to a stimulus intensity 
at 0.5 mA, delivered with a pulse width of 200–300 μs at 
25 Hz. Stimulation alternated between on and off periods 
every 30 s. In the active condition, the stimulation elec-
trodes were applied to the outer auditory canal. In the 
sham (placebo) condition, the stimulation electrodes were 
placed on the center of the left ear lobe. Indeed, the ear 
lobe has been found to be free of cutaneous vagal innerva-
tion (Peuker and Filler 2002; Fallgatter et al. 2003) and 
a recent fMRI study found that this sham condition pro-
duced no activation in the cortex and brain stem (Kraus 
et al. 2013).
Further, following safety criteria to avoid cardiac side 
effects, the stimulation was always applied to the left ear 
(Nemeroff et al. 2006; Cristancho et al. 2011). Indeed, 
although efferent fibers of the vagus nerve affect car-
diac function, such an impact seems to relate only to the 
efferent vagal fibers connected to the right ear (Nemeroff 
et al. 2006). Consistent with this picture, a clinical trial 
reported no arrhythmic effects of tVNS when applied to 
the left ear (Kreuzer et al. 2012).
Flow Short‑Scale
Flow experience was indexed by the two subscales absorp-
tion and fluency of the Flow Short-Scale (Engeser and 
Rheinberg 2008). The items are assessed on a seven-point 
Likert scale from 1 (I don’t agree) to 7 (I agree). Absorption 
consists of four items (e.g., “I do not recognize that time is 
going by”) and fluency is measured by six items (e.g., “I feel 
that everything is under control”). We found good to satis-
factory reliabilities of absorption (Cronbach’s α = 0.65) and 
fluency (Cronbach’s α = 0.73) replicating previous protocols 
(Peifer et al. 2014). Participants filled in the Flow Short-
Scale immediately after they finished the emotion recogni-
tion task and were instructed to refer to it when answering 
the questionnaire.
Statistical analyses
For each participant, and for both the active and the sham 
stimulation, the scores for the absorption and fluency sub-
scales were calculated. To examine whether active tVNS, as 
compared to sham (placebo) stimulation, affected flow expe-
rience, two separate repeated measures analysis of variance 
(ANOVA) were carried out with absorption and fluency as 
dependent variables and session (active vs. sham) as within-
participant factor.
A significance level of p < 0.05 was adopted for all sta-
tistical tests.
Results
Absorption
Repeated measures ANOVA revealed a significant main 
effect of session on absorption scores, F(1,31) = 7.34, 
p < 0.05, η2p = 0.191: participants showed decreased scores 
in the active (3.97, SEM = 1.56) compared to the sham (4.36, 
SEM = 1.41) session.
Fluency
Repeated measures ANOVA revealed no significant main 
effect of session on fluency scores, F(1,31) = 1.46, p = 0.24, 
η2p = 0.045: participants showed comparable scores in 
the sham (5.21, SEM = 1.40) and in the active (4.99, 
SEM = 1.54) session.
Discussion
Our findings show that tVNS, likely via activation of LC 
and increased NE release, modulates flow. Indeed, when 
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actively stimulated, participants show decreased flow (as 
indexed by absorption scores). The observation that tVNS 
modulates ratings on a well-established diagnostic index 
of flow (Engeser and Rheinberg 2008) provides consid-
erable support for the idea of a crucial and causal role 
of noradrenergic pathways in flow. As absorption scores 
decreased by means of tVNS, our results are in line with 
the network reset theory (Bouret and Sara 2005) which 
assumes that high-phasic LC activity promotes a global 
reset of attention over exploitation of the current focus of 
attention allowing rapid behavioral adaptation and result-
ing in decreased absorption scores.
Given that none of the participants reported major com-
plaints or discomfort during or after the active and sham 
condition and that none could guess the stimulation received, 
we can rule out an explanation of our results in these terms. 
This is not to deny, however, that more research is needed 
to support this conclusion. Nonetheless, given the causal 
nature of the brain stimulation technique used in the current 
study, our findings provide a first direct demonstration for 
a causal link between the vagus nerve and the subjective 
experience of flow. Although stimulation of the vagus is, 
besides NE, also associated with increased GABA release 
(Ben-Menachem et al. 1995; Marrosu et al. 2003), to the 
best of our knowledge there is no indication in the literature 
that changes in GABA might have been responsible for our 
results.
Our results are in line with previous correlative studies 
showing that heart rate variability (an index of vagal tone) 
was associated with flow experience (Peifer et al. 2014; Toz-
man et al. 2015). Future studies should replicate our findings 
and include a variation of the task demands before measur-
ing the experience of flow. This would be important because 
task demands seem to play a role in modulating the direction 
of the subjective experience of flow (Peifer et al. 2014, 2017; 
Tozman et al. 2015).
Finally, there are some limitations of the current study 
that need to be outlined. First, it would have been optimal to 
have combined the application of tVNS with suitable physi-
ological assays, such as vagus somatosensory evoked poten-
tials (Hagen et al. 2014, 2015). Moreover, it would be useful 
to include pupil dilation measures, a physiological correlate 
of LC–NE activity (Murphy et al. 2014).
Notwithstanding these limitations, our findings pro-
vide direct evidence for the idea that the vagus nerve plays 
a causal role in flow, via its role in activating the LC and 
increasing NE release. Hence, these observations may stim-
ulate research to further extend our understanding of the 
specific role of the vagus nerve, LC and NE in the general 
experience of flow. Further, our results support the idea that 
tVNS is a promising non-invasive brain stimulation tech-
nique for modulating mental processes in healthy humans 
(van Leusden et al. 2015).
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